Abstract The COSMO-RS method has been used for the prediction of free energies of hydration on a dataset of 47 complex multifunctional compounds considered in the SAMPL4 challenge. Straight application of the COSMOtherm software with the parameterization C21_0108 yields a predictive accuracy of 1.46 kcal/mol root mean square error overall and 1.18 kcal/mol if a single dominant outlier is removed.
Introduction
The COSMOtherm implementation of the COSMO-RS theory has been applied to the free energy of hydration part of all three previous SAMPL challenges. On all three datasets it proved to deliver robust predictions [1] [2] [3] . Here we report the results of the COSMO-RS method for the prediction of the free energies of hydration considered in the SAMPL4 challenge. The SAMPL4 dataset [4, 5] mainly consists of compounds with one or more hydrogen bonding acceptor or donor functions including hydroxy-, amine-, ester-, ether-and keto-groups. In addition, aromatic compounds, alkenes, and some less common groups like nitro or nitryloxy substituents are present.
Since the COSMO-RS [6-8] method has been used in the publications for SAMPL1 [1] , SAMPL2 [2] and SAMPL3 [3] it shall not be described here in detail. The general accuracy of the free energy of solvation for small and medium sized neutral organic compounds is in the range of 0.5 kcal/mol as was shown on the large training dataset of the SM8-model containing overall 2,346 solvation free energies [9] , 284 of these being hydration free energies. The overall accuracy for the 36 chlorinated compounds in SAMPL3 was 1.05 kcal/mol (RMSE) and it was below 0.5 kcal/mol for the 22 dioxins and chloroethanes.
Methods
Only a brief overview on COSMO-RS can be given here, since the details of the method have been described in previous papers [6] [7] [8] . COSMO-RS starts with a quantum chemical continuum solvation calculation (i.e. a COSMO calculation) for all relevant conformations of each molecule. The main information taken from these calculations is the surface polarization charge density r, which basically provides the charge distribution on the molecular surface. The next step is to use r to calculate the interaction energies as pair contact energies E(r, r') and the resulting contact probabilities of all possible surface contacts with the COSMO-RS equations by neglecting the 3D geometry of the molecules and considering a liquid as an ensemble of molecular surface patches. From the contact probabilities the chemical potentials of the surface patches and of the molecules in the solution can be calculated. The additional ingredients for the free energy of solvation are the quantum chemical energies for the gas phase and for the COSMO state.
The workflow of our COSMO-RS predictions is the same as in the SAMPL2 evaluation and is described in detail in the respective publication [2] . The COSMOtherm software with the parameterization BP-TZVP_C21_0108 (2008) was used to calculate the free energies of hydration without any adjustments or additional fitting. The parameterization was chosen because it has only 4 data point for free energy of hydration in common with the SAMPL4 data set. Later parameterizations make use of more data points of the SAMPL4 set. The 4 data points used for parameterizing C21_0108 are listed in Table 1 . In addition Table 1 provides some data from the NIST webbook [10] .
For all compounds the COSMOconf workflow [1] has been applied to identify relevant conformations. 15 of the final 47 compounds have been taken from our precalculated COSMO file database, which is based on the same procedure. The databases contain a set of gas-phase and COSMO conformations for each compound. For 11 of the compounds at least one conformation that has been generated manually was added to the conformer set. Table 2 and Fig. 1 present the predicted versus experimental data. The original set provided for the blind predictions consisted of 52 molecules of which three have been removed because the wrong compound structure was provided in the contest briefings. The remaining 49 compounds have been reduced to the final set of 47 compounds by discarding 4,5-dichloroguaiacol and 5-chloroguaiacol, which after taking a deeper look into the experimental data turned out to be not reliable enough to be kept within the set. Moreover, new and/or improved experimental data values have been assigned to 9 of the data points by P. Guthrie and D. Mobley of the SAMPL steering committee during the evaluation process. The errors provided for the COSMO-RS predictions are not statistical errors, which would be essentially zero for COSMO-RS. Instead they show the general accuracy as compared to experimental data (0.5 kcal/mol) with some enlarged values according to the experience of the authors. The error values do not have a strict mathematical meaning.
Results and discussion
The root mean square error of the COSMOtherm predictions for the remaining 47 compounds is finally computed to 1.46 kcal/mol and thus is higher than was expected from previous SAMPL challenges. The main reason for the larger error is a single strong outlier, the mannitol molecule. Without this data point the RMSE drops to 1.18 kcal/mol, which is consistent with previous observations.
It should be noted that most of the major corrections of experimental data (mannitol, 4-propylguaiacol, 4,5-chloroguaiacol, 5-chloroguaiacol and 1-benzylimidazol) have been stimulated by an outlier analysis. In the above cases we could prove or at least give plausible arguments that the experimental data was wrong or inconsistent. Checking experimental data points which deviate more than expected (e.g. [2 kcal/mol) from the COSMO-RS prediction seems to be a viable approach for data curation. This could be especially effective if several different (not adjusted) methods show the same outliers.
As mannitol is the most significant outlier, we checked for possible reasons. From the experimental side it has the most negative of all hydration free energies and is therefore extremely hard to measure. The given value is derived from a temperature extrapolation, and it has been largely corrected compared to the initially provided experimental value of -27.79 kcal/mol. To check our predictions we calculated water solubility data and octanol-water partition and compared the results with experimental values. The results are shown in Table 3 .
From the deviations to experimental data it is straightforward to calculate the deviation in the chemical potential prediction. The error of COSMOtherm predictions for the chemical potential difference of the two shown properties lies between 1 and 2 kcal/mol, which is quite a lot compared with the typical accuracy (0.5-1 kcal/mol). It should Additional data from the NIST webbook [10] has been calculated from Henry Law constant data. For the NIST values only those marked as direct measurement data, or as values computed from vapour pressure measurements, or as taken from a literature review have been considered (i.e. data denoted as ''M'', ''V'', or ''L'') be noted that in both examples the prediction underestimates the solubility in water which is consistent with the too positively predicted value for the free energy of hydration. Though mannitol is predicted quite poorly in water, the missing 6 kcal/mol in free energy of hydration cannot be explained by wrong predictions of the chemical potential in water. Thus the origin for the exceptionally strong deviation remains unresolved. Therefore we do still have doubts with respect to the experimental value provided for mannitol.
Conclusion
COSMO-RS as implemented in the COSMOtherm software is able to yield a RMSE of 1.46 kcal/mol for the SAMPL4 data set. Leaving out the problematic case of mannitol, the RMSE reduces to 1.18 kcal/mol. The experimental errors provided by the SAMPL organizers have an overall RMSE of 0.39 kcal/mol. This error was designated by reading and analyzing a large number of relevant publications. To acquire such good quality experimental data, a deeper knowledge of the measurement techniques and quite some experience is indispensable. Reconsidering the data collected in this paper, it becomes clear that just picking a single experimental data point from the first publication or measurement at hand will give a much larger uncertainty than the given 0.39 kcal/mol. In addition, for several cases of large deviations between the COSMO-RS prediction and the originally provided experimental data, inconsistencies or errors in the experimental data have been identified and corrected. A robust prediction can thus give guidance for the validation of Data for logP have been taken from a commercial logP database [12] , where -2.20 is the recommended value and 6 other values between -2.1 and -3.10 have also been reported. The water solubility predictions have been conducted with experimental data for H fusion = 56.1 kJ/mol and T melt = 439 K [13] experimental data and provide approximate values for cases where measurements are difficult or inaccessible.
